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I Heterojunctions are becoming increasingly important in the ongoing efforts to improve and ‘tailor’ device performance. This article outlines the development and properties of this growing family of devices, concen- trating on HEMTs, HBTs, DH lasers and DBRTDs. 
S ince Bardeen and Brat&in’s in- vention of the transistor in late 1947, semiconductor de- 
vices have developed at an aston- 
ishing pace. Their discovery has 
had an unprecedented impact on 
the electronic industry in general, 
as well as on solid-state research. 
In the 50 years that have fol- 
lowed the arrival of the transistor, 
improvements in processing and 
lithographic techniques have great- 
ly increased device speed and the 
level of IC complexity. One partic- 
ularly important area of advance- 
ment in recent years has been the 
advent of sophisticated epitaxial 
1 7gure 1. Band diagram of a GaAsl(AIGa)As hetemjunction showing the two-dimensional gas 
of free electrons formed on the GaAs side of the interface by electrons originating from the 
n-doping in the (AIGa)As. 
growth techniques, such as molec- 
ular beam epitaxy (MBE) and metal 
organic chemical vapour deposi- 
tion (MOCVD), that have led to the 
development of a new class of ma- 
terials and heterojunctions with 
unique electronic and optical 
properties. Most notable among 
these are heterojunctions, doping 
superlattices, modulation-doped 
superlattices, and strained layer 
and variable gap superlattices. 
A heterojunction is defined as a 
junction between two dissimilar 
semiconductors, such as Ge on 
GaAs. Heterojunctions have been 
studied since 1951, and many ap- 
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plications have been made. The 
most important materials for het- 
erojunctions are the III-V com- 
pound semiconductors, such as 
GaAs and the ternary compound 
(AlGa)As. 
After 20 years of research and 
development, III-V semiconductor 
heterojunctions are widely exploit- 
ed in modern devices. There are 
many new and innovative devices 
being researched in laboratories 
worldwide. But this article will dis- 
cuss only heterojunction devices, 
with the examples focusing mainly 
on the GaAs/(AlGa)As system, al- 
though the principles also apply to 
manyothermakrialsystemsatpre- 
sent under investigation. 
HEMTs 
&o-dimensional electronic sys- 
tems occur whenever a semicon- 
ductor with a large energy gap 
between conduction and valence 
bands is brought into contact with 
a smaller gap semiconductor. A 
layer ofAl#a&s grown on GaAs 
is an example of such a system. 
In this example, electrons from 
donors in +Ga,&s move to 
the GaAs leaving behind ionized 
donors (Figure 1). The separation 
of the negative electrons from the 
positive donors sets up an electric 
field which confines electrons to 
within - 100 A of the interface, but 
leaves them free to move parallel 
to it. These confined electrons are 
known as a two-dimensional elec- 
tron gas (2DEG), which has a num- 
ber of interesting properties. 
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one of these properties is an 
electron mobility that can be con- 
sidembly greater than that of the 
bulk GaAs.This is because the elec- 
trons are spatially separated from 
their parent donorsTheir mobility 
can even be further enhanced by 
growing an undoped Al&$&s 
layer, a so-called spacer, in between 
doped Al$a,_&s and the undoped 
GaAs. The enhancement in elec- 
tron transport properties is espe- 
cially marked when the structures 
are cooled to cryogenic tempera- 
tures. This is because ionized 
impurities increasingly obstruct 
electron motion as the tempera- 
turc is lowered and these effects 
are vhtuahy absent in these special 
structures. Electron mobility ex- 
ceeding 10’ cm2.V1.a1 at low tem- 
peratures (-0.35 K) have been 
reported. This is more than 2OCKl 
times higher than in conventional 
GaAs and makes an Al$a,_pS/ 
GaAs heterostructure very suitable 
for high speed electronic devices. 
The high mobility layer can be 
used to fabricate a field effect tmn- 
sistor (FET), known as a high elec- 
tron mobility transistor (HEMT). 
This heterojunction FET can also 
be labelled TEGFET (two-dimen- 
sional electron gas FE’l), MODFET 
(modulation-doped FEI’) and SDHT 
(selectively doped heterostructure 
transistor). 
The HEMT is in many ways sim- 
ilar to an n-MOSFET (metal oxide 
semiconductor FET), but consists 
of layers of compound semicon- 
ductors rather than Si.The bulk Si 
is replaced by a layer of undoped 
GaAs and the Si dioxide is replaced 
by a layer of n-doped (AlGa)As 
which is mostly depleted and has 
the properties of an insulator. The 
structure of the HEMT is therefore 
between that of the MOSFET (the 
depleted (AlGa)As replaces the in- 
sulating SiO,) and the MESFET 
(metal semiconductor FET; the 
Schottky barrier gate), as depicted 
in Figure 2. In the GaAs MESFET, 
the carriers pass from source to 
drain through doped GaAs (Figure 
2c), while in a HEMT the carriers 
pass from source to drain via a 
chabnel 
Source Gate 
\ 
2DEG 
rrgure z. (a) conventional HEW (c) GaAs MCW-t I. 
2DEG in undoped GaAs (Figure 
2b). It is worth mentioning here 
that the MOSFET is the most im- 
portant device for very large scale 
integrated circuits, (WSIs) such as 
microprocessors and semiconduc- 
tor memoryThe first MOSFET was 
fabricated in 1960 using a thermal- 
ly oxidized Si substrate. 
In the years following its f?rst 
demonstration, the development of 
the HEMT has progressed rapidly. 
This has been spurred on by the 
very high speed results that have 
been obtained with these devices 
since their initial development. One 
of the approaches taken to improve 
their speed has been the reduction 
of the gate length by ‘more than a 
factor of three: from 0.33 pm in 
1984 to 0.1 nm in 1989.As a conse- 
quence, their speed increased liom 
50 to 250 GHz; a factor of five im- 
provement. 
The other parameters that affect 
the speed of a HEMT include the 
device pan&tics and material prop 
erties. It is worth noting that the in- 
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Figure 3. Band diagram of a single hetetvjunction bipolar transistor (a) with a graded emitter- 
base junction and (b) with an abrupt emitter-base junction. If the junction is graded (a), then 
the conduction band notch in (b) does not OCCUT. 
crease in speed could not have 
been achieved without significant 
improvements in these areas. The 
material of choice, for example, for 
ultm-short gate length HEMTs has 
shifted from GaAs/(AlGa)As to pse- 
udomorphic (AlGa)As/(GaIn)As to 
lattice-matched or pseudomorphic 
(AlIn)As/(Galn)As. The (AlIn)As/ 
(GaIn)As system is more attractive 
in the sub-O.1 unr regime because 
of its low Schottky barrier height, 
high conduction band discontinu- 
ity, high peak velocity and high mo- 
bility These important properties 
allow very close gate-tocharmel 
separations, high tmnsconductance, 
high intrinsic speeds and low para- 
sitic charging times. 
The other main attraction of 
the HEMT is its exceptionally low 
noise in microwave circuits, and it 
is also for this reason that it has be- 
come popular. It is worth noting 
that, during the last few years, the 
GaAs MESFET has dominated the 
world of microwave devices as a 
power source and low-noise ampli- 
fier. Their applications include 
satellite cormrmnication, radar links, 
CB radios, car telephones and re- 
ceivers for radio astronomy HEMT 
technology, however, has opened 
the door to new possibilities for ul- 
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tra high speed LSI/VLSIs required 
by high performance computers 
and communication systems (a 
HEMT is more than 50% faster than 
a MESFET). Discrete HEMTs have 
already found commercial success 
in satellite communications and ra- 
dio astronomy At the LSI complex- 
ity level, Fujitsu have already 
fabricated a 64-kbit static RAM 
with an address access time of 1.2 
ns.This is the fastest circuit opera- 
tion ever reported. HEMTs are very 
promising devices for VLSI, espe- 
cially for operations at liquid nitro- 
gen temperatures. The projected 
HEMT performance target for VLSI 
circuits is logic switching delays in 
the subhundred picosecond range, 
suitable for future large-scale 
computers. 
HBTs 
Bipolar n-p-n transistors can also 
be made from GaAs, with some ex- 
tra advantages when the emitter is 
made of (AlGa)As as shown in 
Figure 3. Such a transistor, with a 
wide bandgap emitter, had been 
suggested a long time ago for the 
following reasons. Under forward 
emitter-base bias, only the wider 
gap emitter injects carriers and the 
increased barrier in the reverse di- 
rection prevents reverse injection 
from the narrower gap base. This 
improves the emitter efficiency 
and, hence, the current gain of the 
transistor, irrespective of base dop 
ing, which can therefore be in- 
creased to reduce the base 
resistance and improve the high 
frequency properties. 
The emitter efficiency y is 
defined as: 
y= 1 -$&n 
where I, is the electron current 
injected into the base and IhE is the 
hole current injected back into the 
emitter. The current gain is given 
by: 
P a exp(AEBkT> 
where AEa is the bandgap differ- 
ence between base and emitter, 
and kT is approximately 0.025 eV 
at room temperature. 
Normally, in homojunction 
bipolar transistors (Figure 4), the 
current gain is high only when the 
emitter is much more heavily 
doped than the base. In this condi- 
tion, many more carriers flow from 
emitter to base (electrons) than 
from base to emitter (holes) be- 
cause the emitter has a smaller 
bandgap than the base due to 
heavy doping effects in the emit- 
ter. The base-to-emitter flow of 
holes reduces the current gainThe 
reduction or elimination of I, also 
removes emitter storage time as a 
speed limiting factor. For example, 
in silicon bipolar transistors, a 
good current gain may only be ob 
mined when the emitter doping is 
much larger than the base doping, 
i.e. the base has to be lightly doped 
to ensure efficient injection of 
carriers. 
For the heterojunction bipolar 
transistor (HBT) this restriction is 
removed because the larger emit- 
ter bandgap prevents the flow of 
holes into the emitter, i.e. IhE is re- 
duced sharply, and therefore the 
base can be heavily doped.This is a 
MBE Technology Pte. Ltd., has over sixty years of experience 
in the manufacture of molecular beam epitaxal wafers. 
Let our scientists, engineers and sales team work with you 
to create the quality and service you deserve. 
Here are a few reasons to consider MBE for your epiwafer needs: 
Exact adherence to client specs. 
Extensive testing from pre-productiori to final 
monitoring inspection systems. 
Fully automated integrated multiwafer 
Class 1 O/l 00 cleanroom. 
Quality guarantee of wafers. 
systems. 
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key advantage of the HBT for the abrupt heterojunction there is an 
following reasons: additional potential spike at the 
high base doping (~10’~ cm3) 
reduces the base resistance 
(i.e. the associated RC time 
constants are reduced) and 
consequently increases the 
operating speed; 
low emitter doping (-10” cm-s) 
can now be used for low input 
(emitterbase) capacitance; and 
(iii) high current gain. 
If the heterojunction between 
the emitter and base is graded, i.e. 
the Al concentration is increased 
gradually from the GaAs to the fi- 
nal (AlGa)As alloy, the ratio IeB/IhE 
is increased substantially.This rais- 
es the transistor’s common-emit- 
ter current gain and improves its 
frequency response. Abrupt ver- 
sus graded bandgap situations arc 
illustrated in Figure 3. For an 
base-emitter junction which re- 
duces injection of electrons into 
the base, and hence the current 
gain. 
This example of ‘bandgap engi- 
neering’ selectively removes the 
undesired base-to-emitter hole cur- 
rent and increases y and /3. Other 
III-V materials have been used for 
HBTs, such as (InAl)As/(InGa)As. In 
silicon the most promising imple- 
mentation of the HBT is the 
Si/SiGe/Si structure. The material 
quality of heterojunctions in group 
IV materials is only now reaching 
that required for device improve- 
ments to be realized. Extrapolated 
cutoff frequencies exceeding 100 
GHz have been demonstrated in 
the GaAs/(AlGa)As system and 160 
GHz in the InP/(InGa)As system. 
These attractive properties have 
led to the development of high fre- 
Electron injection aided by 
Emitter I Base i Collector 
li9htly doped base 
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w 
Figure 4. Band diagram of (a) homojunction transistor and (b) HBT: 
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quency digital circuits. Most of the 
recent work has been concentrat- 
ing on non-saturating logic such as 
ECL (emitter-coupled logic) and 
CML (current mode logic) in 
which frequency dividers working 
at 20 GHz in GaAs/(AlGa)As have 
been demonstrated. Devices made 
from GaAs/(AlGa)As have been 
shown to provide both higher cur- 
rent gain and speed than silicon 
bipolar transistors. Si bipolar de- 
vices are 510 times slower than 
the III-V bipolar devices. Compared 
withGaAsFErstheyo&rlargercur- 
rents and tmnsconductances and 
more compact integmtion. 
DH lasers 
The laser is probably the most 
spectacular of all the semiconduc- 
tor devices developed since the 
transistor.The first construction of 
semiconductor lasers was demon- 
strated by several groups in 1962. 
Since the invention of the home 
junction GaAs laser, tremendous ef- 
fort has been made in developing 
sophisticated versions of this 
smallest member of the laser fami- 
ly.The semiconductor laser is simi- 
lar to the LED but incorporates a 
resonator that is formed by cleav- 
ing mirror-like facets at either end 
of the recombination region. 
The double heterostructure 
(DH) laser was first proposed in 
1963 and demonstrated con&- 
ous wave (CW) 300 K operation in 
1970. It is the heterojunction and 
the sophisticated growth tech- 
niques, such as MBE, that have 
made possible more advanced 
q-- well heterostructure 
(QWH) hers. 
A semiconductor laser requires 
a minimum current (threshold cur- 
rent w for lasing to occur The 
threshold current density Jti is one 
of the most important parameters 
for laser operation. For convention- 
al homojunction lasers, Jth is very 
high (-105A.cm-2) at room temper- 
ature.These high current densities 
limit the lifetime of the device. 
More efficient lasers can be fabri- 
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cated by using a double het- 
emstructure (Iti ldA.cnr* at 300 K). 
A comparison of Jth versus op- 
erating temperature for a homo- 
junction laser and DH laser is 
shown in Figure 5. It is worth not- 
ing that as the temperature increas- 
es, Jth for the DH laser increases 
much more slowly than Jth for the 
homojunction laser. The DH lasers 
can, therefore, be operated contin- 
uously at room temperature be- 
cause of their low values of Jti.The 
laser action in the DH device is 
due to the recombination of elec- 
trons and holes in the thin layer of 
GaAs (QW) which is sandwiched 
between layers of (AlGa)As. The 
electrons and holes are confined to 
the QW by the potential barriers. 
The lasing action, therefore, takes 
place at much lower current densi- 
ties because of the large number of 
carriers confined to the QW. 
In semiconductors the recombi- 
nation of electrons and holes caus- 
es the emission of radiation. In a 
QW structure, such as the DH 
laser, the energy of this radiation 
increases with reducing well thick- 
ness. This results in the reduction 
in the wavelength of light emitted 
(Figure 6). Unlike the conventional 
homojunction where photons of a 
range of frequencies are emitted, 
the photons emitted in the DH 
laser are defined by the differences 
between quantized energies. This 
will result in a sharper line in the 
laser output frequency.This charac- 
teristic has led to the increased use 
of semiconductor lasers, especially 
in modem optical communication 
systems and optical disc readers. 
The DH laser, with its unique tun- 
ability, represents an important 
new class of device which will 
have an impact on future electron- 
ic technology. 
DBRTDs 
With four heterojunctions (a thin 
layer of a narrower gap material 
sandwiched between two thin lay- 
ers of the wide gap materials, and 
clad on either side with the nar- 
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Figure 5. Threshold current density versus temperature kr homojunction and double hetero- 
juktion lasers. 
rower gap materials), it is possible 
to get approximately 100% trans- 
mission of electrons, known as res- 
onant tunnelhng, under certain 
bias conditions. This particular 
structure is referred to as a reso- 
nant tunnelling diode (Figure 7). 
In this structure, a well of GaAs 
is confined by two barriers of 
2E?R$pp&~las t:zzE 
vice, the injection energy of elec- 
trons from the emitter side can be 
varied with respect to the energy 
of a quasi-bound state of the quan- 
tum well. When the incident ener- 
gy coincides with that of the 
quasi-bound state in the quantum 
well, electrons can traverse the 
structure from the emitter to the 
collector relatively easily As the 
bias is further increased, the injec- 
tion energy of the electrons from 
the emitter into the quantum well 
is raised. Electrons cannot tunnel 
into the quantum well. This is be- 
cause there is no state in the quan- 
tum well with the same energy. 
The increase and decrease in the 
tunnel current gives rise to a re- 
gion of negative differential resis- 
tance (NDR). The key parameters 
in the performance of double bar- 
rier resonant tunnelling diodes 
(DBRTDs) are peak current density 
and peak-tovalley ratio in the cur- 
rent-voltage characteristics. The 
DBRTD is a new device with inter- 
Figure 6. tight emission hum a doubte heterojunction well. The light emitted on mcombina- 
tion is controlled by the thickness of the quantum well. 
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Figure 7. The potential profile and current-voltage characteristic of a DBRTD. As the voltage 
applied is increased, the resonance passes through the Fermi level, giving a maximum in the 
current (i.e. quantum well at ‘resonancel. At higher bias the level is pushed below the 
energy of the incoming elecfrons and the current drops. 
esting electronic and physical fea- 
tures. It has also received much at- 
tention in terms of its application 
to highspeed oscillators, far-infra- 
red (IR) detectors and functional 
devices. 
Since the inception and demon- 
stmtion of NDR in DBRTDs, re- 
markable progress has been made 
through advancements in epitaxial 
growth techniques. The DBRTD 
was used as a detector and mixer 
of far-IR radiation up to 2.5 THz at 
25K in 1983. Four years later, the 
performance of DBRTDs was ad- 
vanced to 56 GHz at room temper- 
ature as a fundamental frequency 
oscillator. These remarkable device 
performances indicated that 
DBRTDs have great potential as 
millimetre wave devices. Until re- 
cently, most of the high-speed ex- 
periments have been conducted 
with DBRTDs made from the 
GaAs/AlAs material system. Oscill- 
ators made from such diodes oscil- 
late at frequencies up to 420 GHz. 
These oscillators, which Opel-ate .at 
room temperature, were fabricated 
by a group at the Lincoln 
Laboratory of Massachusetts 
Institute of Technol-ogy, USA, in 
1989. Peak-to-valley switching 
times of 2-10 ps have been demon- 
strated. There is still a heated de- 
bate over the theoretical 
limitations of these devices. It is 
thought that the oscillator frequen- 
cy and the switching speed of 
GaAs/ AlAs DBRTDs are limited pri- 
marily by the RC time in the NDR 
region of the current-voltage 
curve. Oscillations have been ob- 
tained at frequencies from 100 to 
712 GHz in InAs/AlSb DBRTDs at 
room temperature [3]. The mea- 
sured power density at 360 GHz 
was 90 Wcm-2, which is 50 times 
that generated by GaAs/AlAs 
diodes near the same frequency. 
The submillimetre wave oscilla- 
tions at 712 GHz represent the 
highest frequency reported to date 
from a solid-state electronic oscilla- 
tor at room temperature. 
The InAs/AlSb materials system 
has several advantages over 
GaAs/AlAs for making high-speed 
DBRTDs.These come from the dif- 
ference in the band structure of 
the two systems. The oscillation 
frequency limit of such devices has 
a theoretical boundary of the order 
of 1.24 THz. At present, almost all 
radio communications, radar and 
remote sensing systems use signal 
frequencies below 100 GHz; in- 
deed, the vast majority operate be- 
low 30 GHz. The use of the 
DBRTDs will increase the available 
frequency range substantially. 
Higher signal frequencies mean 
that radar will be able to sense 
smaller objects and measure small- 
er velocities. 
Heterojunctions have already 
proved their ability to improve and 
‘tailor’ devices, underlined by the 
four examples described above. 
There are many more suggested 
applications of heterojunctions 
and novel device concepts, which 
are expected to have a very strong 
impact on the semiconductor de- 
vice field. 
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